The age-hardening behaviour and microstructure development of high strength Ni-based superalloys ABD-D2, D4, and D6 with varying Nb/Ti ratios have been studied. The studied alloys have large volume fractions and multimodal size distributions of the γ precipitates, making them sensitive to cooling conditions following solution heat treatment. Differential scanning calorimetry was conducted with a thermal cycle that replicated a processing heat treatment. The hardness of these alloys was subsequently evaluated by nanoindentation. The Nb/Ti ratio was not observed to influence the size and distribution of primary and secondary γ precipitates; however, the difference in those of tertiary γ and precipitate morphology were observed. The nanoindentation hardness for all alloys reduces once they have been solution-heat-treated. The alloys exhibited specific peak hardness. The alloy with the greatest Nb content was found to have the best increase in hardness among the alloys studied due to its large tertiary γ precipitate.
Introduction
To satisfy increasing aerospace emissions targets [1] , gas turbine engine efficiency needs to be improved. The high temperature mechanical properties and oxidation resistance of the materials selected for use in such application largely limit performance. Currently, nickel-based superalloys are used in the sections of the engine that experience high static stress at elevated temperatures-in particular, turbine discs that rotate at 10,000 rpm or greater; these alloys work very closely to their limit of tolerance of temperature or stress [2] . One of the ways in which the performance of gas turbine engines could be improved is by developing new nickel-based superalloys that could operate under more demanding conditions.
Nickel-based superalloys typically comprise a face-centered-cubic (A1) matrix (γ) solid solution that is strengthened with a dispersion of coherent intermetallic precipitates (γ ) with an L1 2 crystal structure. During alloy development, the compositions selected are critical, as this will ultimately determine the performance of the material, irrespective of process optimization and its relationship. The effect of different γ precipitate formers, Al, Ti, Ta, and Nb on the microstructure and mechanical 2.5 × 10 −4 nm/atom % 4.5 × 10 −4 nm/atom % Metal-d levels [10] 2.271 eV 2.117 eV
Microstructures of the alloys for the turbine discs are relatively complex. They can show up to three distinct or more generations of γ precipitates, with different size ranges, compositions, and precipitation processes each with a different effect on the mechanical properties [13] . Precipitates mostly found at grain boundaries are termed primary γ' and have a diameter of approximately 1 µm. Finer secondary and tertiary γ precipitates are approximately~100 nm and~50 nm in diameter, respectively. Primary γ precipitates form during alloy manufacturing and processing procedures such as castings and forgings. Secondary and tertiary γ precipitates form during the cooling from temperatures of solution treatment and through subsequent ageing heat treatments; they form as a result of the competition between the nucleation and growth of the γ precipitates [13] [14] [15] . The cooling conditions from a solution temperature has a great influence on the initial γ distributions, the subsequent ageing response, and the resulting mechanical properties; careful attention therefore needs to be paid to them in order to understand them.
The plastic deformation of coherent superlattice γ precipitates require either the shearing of paired dislocations (i.e., leading and trailing dislocations) or the bypassing of a dislocation. It is well established that the shearing of the γ precipitates is the main contributor to the strength of polycrystalline superalloys, as replicated by a dislocation pair model [16, 17] . The models describe that interfacial energy associated with an APB is created by a leading dislocation minimised by the passage of the trailing dislocation. This model considers interactions between dislocation pairs with small (weak pair coupling) and large (strong pair coupling) precipitates with a unimodal size distribution and a low volume fractions of γ precipitates. Jackson and Reed [18] and subsequently Collins and Stone [19] Metals 2017, 7, 71 3 of 11 have employed the weak and strong pair models in the optimization of the microstructures in Udimet 720Li and RR1000, respectively. Their analyses were based on the optimal γ size where transitions between the weak and strong pair couplings occurred. The maximised critical resolved shear stress (CRSS) is achieved at the optimal size, and it is strengthened by the larger APB energy and volume fractions of the γ precipitates. The dislocation pair model was extended by Galindo-Nava et al. [20] so as to apply to a multimodal particle distribution; they succeeded in predicting the effect of tertiary γ precipitates on CRSS, which demonstrates a possibility of improve the mechanical properties of a superalloy. Consequently, the yield behaviour of nickel-based superalloys is strongly influenced by the size distributions and volume fractions of the secondary and tertiary γ precipitates, whilst the role of the primary γ is limited to grain boundary pinning, which minimises the growth of γ grains during solution heat treatment. Understanding how to control the secondary and tertiary γ phases are crucial to maximising the mechanical properties of Ni-based superalloys.
In this study, a range of model alloys are investigated in order to systematically study the effect of Ti and Nb on γ precipitation and its effect on a simple mechanical property: hardness. In particular, the comparative effects of Ti and Nb on multimodal γ precipitates size distributions are characterised and compared in this study.
Materials and Methods

Materials
ABD series alloys were used in this study. They are polycrystalline nickel-based superalloys and were manufactured by ATI Powder Metals using a lab-scaled version of a commercial powder metallurgy process. Three different alloys containing varying concentrations of Ti (2.8-4.1 atom %) and Nb (0-1.2 atom %) with these elements are substituted on a 1:1 basis. The nominal composition of each alloy (atom %) is listed in Table 2 . A high-temperature synchrotron X-ray diffraction study has been reported in a previous study [21] . The lattice misfits of D2, D4, and D6 are positive at temperatures below 1273 K, i.e., the lattice parameter of the γ precipitate is larger than that of the γ matrix, whose values for D2, D4, and D6 are approximately 0.07%, 0.09%, and 0.10% at 1123 K, respectively. These alloys have a 40%-45% volume fraction of γ precipitates at 1123 K. The specimens were received after forging and cut into 1-mm-thick square plates that have dimensions of 2.5 × 2.5 mm 2 using electro-discharge machining (Brother industries, Ltd., Nagoya, Japan) and a high-speed precision cutting machine (Heiwa Technica, Zama, Japan, and Struers Ltd., Rotherham, UK). The weight was approximately 0.2 g. 
Heat Treatment
Ni-based superalloys with large volume fractions of γ precipitates have a strong driving force for precipitation and quite fast precipitation kinetics. The microstructural and mechanical properties of the alloys are very sensitive to solvus temperature and cooling rates following heat treatment [20, 22] . Accurate control and homogeneity of the specimen temperature were achieved through the use of a differential scanning calorimeter (DSC) NETSZCH DSC404F1 (NETZSCH Analyzing & Testing, Wolverhampton, UK) for a small specimen in an argon flow. A thermal process typical of a 1 step super-solvus treatment, which is used for current generation turbine disc alloys, and isothermal ageing at 1123 K were conducted on each alloy studied. The rate of heating from room temperature to approximately 30 K above the γ solvus temperature was controlled to be 10 K·min −1 . The subsequent Metals 2017, 7, 71 4 of 11 cooling rate was controlled so as to fall to 673 K at a rate of 1 K·min −1 . The solution temperatures of the alloys were studied by DSC and approximately confirmed by synchrotron X-ray diffraction [21] . Figure 1 shows the set and measured temperatures together with a typical DSC trace for alloy D2. The other alloys had similar results. The temperature was precisely controlled during cooling to 973 K, at which point significant microstructure change was deemed to be negligible. We also confirmed precipitation of the γ phase corresponding to two exothermal peaks, one at 1230 K for the formation of secondary γ' and the other at 1060 K for the formation of tertiary γ'.
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The subsequent cooling rate was controlled so as to fall to 673 K at a rate of 1 K·min −1 . The solution temperatures of the alloys were studied by DSC and approximately confirmed by synchrotron X-ray diffraction [21] . Figure 1 shows the set and measured temperatures together with a typical DSC trace for alloy D2. The other alloys had similar results. The temperature was precisely controlled during cooling to 973 K, at which point significant microstructure change was deemed to be negligible. We also confirmed precipitation of the γ′ phase corresponding to two exothermal peaks, one at 1230 K for the formation of secondary γ' and the other at 1060 K for the formation of tertiary γ'. 
Microstructure Observation
To prepare the specimens for microstructure observations, any surface oxide produced by the heat treatment was removed using abrasive media. Microstructure observations were conducted by using a field-emission scanning electron microscope (FE-SEM) (JEOL Ltd., Akishima, Japan) with an accelerating voltage of 15 kV. The specimens analysed by the FE-SEM were prepared using both a traditional metallographic technique and chemical-mechanical polishing by a diluted colloidal silica. Electrolytic etching was performed with phosphoric acid saturated with chromium oxide (VI). The particle size of the γ′ precipitate was also measured using an SEM secondary electron image (SEM-SEI). It is noted that the electrolytic etching dissolves the γ matrix, leaving γ′ precipitates in relief; this results in the γ′ volume fraction being over-estimated and the particle size being underestimated due to overlapping particles. Nevertheless, it is reasonable for us to evaluate the shape of the projected γ′ particles stereologically.
Nanoindentation
The samples in this study were prepared using DSC; thus, the size of the specimens was limited. It is therefore difficult to reveal the mechanical properties of the samples using conventional testing methods such as a tensile test or even Vickers hardness test. As such, nanoindentation experiments were performed in this study at room temperature. The samples that studied with nanoindentation were also prepared using both a conventional metallographic technique and polishing with diluted colloidal silica. In all of the indentation experiments, a Berkovich tip with a tip angle of 65.3° was used. The load and corresponding displacement were recorded continuously during the indentation. The indentation hardness HIN was derived from the nanoindentation experiments using the following equation:
where F is the applied load, A(h) is the projected contact area at that load, and h is the penetration depth. An empirical constant of 26.43 used in Equation (1) is a constant dependent on the indenter 
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The indentation hardness at the maximum depth was selected as being the representative hardness, because at a small depth it might be hardened by either the scale effect or the surface roughness.
The maximum h was kept at a constant 2000 nm and the strain rate was kept at 0.1 s −1 . The depth of 2000 nm corresponds to an indent width of 15 µm, which is sufficiently smaller than the specimen used but larger than the γ' precipitates. We therefore expect that the hardness measurements are from a volume that is representative of the material, containing the full tri-modal γ' precipitate distribution.
Results
Initial Microstructure
In this study, all of the specimens have a typical multimodal distribution of γ precipitates. Figure 2 shows micrographs of the as-received (as-forged), and solution-heat-treated specimens. The as-solution-treated D2, D4, and D6 alloys show similar microstructures. The as-received specimens were found to have a heterogeneous grain size, which could be attributed to the heterogeneity of the manufacturing process. The alloys also have large area fractions and densities of primary precipitates at both the grain boundary and the grain interior (Figure 2a ). The primary γ precipitates almost dissolves into the matrix during the solution heat treatment. As there is almost no primary γ' precipitates, the γ grain grew dramatically; uniform grain sizes could be obtained. The solution treatment enabled us to obtain a homogeneous microstructure (Figure 2b ). After the solution treatment and cooling, we can observe that the residual primary γ particles have a diameter of~1 µm, the secondary γ particles have a diameter of~200 nm, and very fine tertiary γ particles have a diameter of less than 50 nm. (Figure 2c ). The primary γ particles show a lenticular shape and are dispersed along the grain boundaries. The solution heat treatment temperatures were selected to be supersolvus in order to dissolve the primary γ completely; in fact, the temperature of the real solvus is slightly above the solution heat treatment temperatures. The volume fraction of the primary γ observed from the FE-SEM is less than 1%. There are two types of secondary γ particles are observed. Some of the secondary particles are granular, but the others are flower-like or irregular morphologies. The tertiary γ particles are dispersed around both the γ grain boundary and the primary γ particles, and they form "pools of tertiary γ". Very few tertiary γ are observed in the vicinity of the secondary precipitates. The area fraction of the pool or intragranular tertiary γ is also less than 3% of the total observed area. No distinct differences were found between the alloys in terms of their microstructures. shape. The indentation hardness at the maximum depth was selected as being the representative hardness, because at a small depth it might be hardened by either the scale effect or the surface roughness. The maximum h was kept at a constant 2000 nm and the strain rate was kept at 0.1 s −1 .
The depth of 2000 nm corresponds to an indent width of 15 μm, which is sufficiently smaller than the specimen used but larger than the γ' precipitates. We therefore expect that the hardness measurements are from a volume that is representative of the material, containing the full tri-modal γ' precipitate distribution.
Results
Initial Microstructure
In this study, all of the specimens have a typical multimodal distribution of γ′ precipitates. Figure 2 shows micrographs of the as-received (as-forged), and solution-heat-treated specimens. The as-solution-treated D2, D4, and D6 alloys show similar microstructures. The as-received specimens were found to have a heterogeneous grain size, which could be attributed to the heterogeneity of the manufacturing process. The alloys also have large area fractions and densities of primary precipitates at both the grain boundary and the grain interior (Figure 2a) . The primary γ′ precipitates almost dissolves into the matrix during the solution heat treatment. As there is almost no primary γ' precipitates, the γ grain grew dramatically; uniform grain sizes could be obtained. The solution treatment enabled us to obtain a homogeneous microstructure (Figure 2b ). After the solution treatment and cooling, we can observe that the residual primary γ′ particles have a diameter of ~1 μm, the secondary γ′ particles have a diameter of ~200 nm, and very fine tertiary γ′ particles have a diameter of less than 50 nm. (Figure 2c) . The primary γ′ particles show a lenticular shape and are dispersed along the grain boundaries. The solution heat treatment temperatures were selected to be supersolvus in order to dissolve the primary γ′ completely; in fact, the temperature of the real solvus is slightly above the solution heat treatment temperatures. The volume fraction of the primary γ′ observed from the FE-SEM is less than 1%. There are two types of secondary γ′ particles are observed. Some of the secondary particles are granular, but the others are flower-like or irregular morphologies. The tertiary γ′ particles are dispersed around both the γ grain boundary and the primary γ′ particles, and they form "pools of tertiary γ". Very few tertiary γ′ are observed in the vicinity of the secondary precipitates. The area fraction of the pool or intragranular tertiary γ′ is also less than 3% of the total observed area. No distinct differences were found between the alloys in terms of their microstructures. Figure 3 shows the microstructures of each alloy aged at 1123 K for 8 h. Despite a sufficiently long aging heat treatment, there is no distinct difference between the microstructures with varying Nb/Ti ratios or aging at 1123 K. No coarsening is observed for the primary or secondary γ′ precipitates. The shape of the secondary γ′ precipitates, however, seems to change slightly; this is discussed in greater detail in Section 4.1. Figure 4 shows the secondary γ′ particles in the D4 alloy aged at 1-8 h at 1123 K. After 1 h aging, γ′ particles tend to form granular shapes, but by 8 h some of Figure 3 shows the microstructures of each alloy aged at 1123 K for 8 h. Despite a sufficiently long aging heat treatment, there is no distinct difference between the microstructures with varying Nb/Ti ratios or aging at 1123 K. No coarsening is observed for the primary or secondary γ precipitates. The shape of the secondary γ precipitates, however, seems to change slightly; this is discussed in greater detail in Section 4.1. Figure 4 shows the secondary γ particles in the D4 alloy aged at 1-8 h at 1123 K. After 1 h aging, γ particles tend to form granular shapes, but by 8 h some of the precipitates form an irregular shape. Irregularly shaped precipitates form "dents" as a result of morphological change (see arrows in Figure 4c ). Secondary γ precipitates slightly coarsen with aging heat treatment, but without significant change. Differences in the microstructures of the samples with Nb/Ti ratio are not observed for the secondary γ particles.
Microstructure Evolution with Aging
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Nanoindentation Hardness
To evaluate what effects of the microstructures on the mechanical properties of the alloys, nanoindentation hardness measurement was performed. Figure 7 shows the changes in nanoindentation hardness of the D2, D4, and D6 alloys following heat treatment. The as-received specimens with varying Nb/Ti ratios show different hardnesses due to the grain size heterogeneity and coarse primary γ′ precipitates described in Figure 2 . The difference in hardness is eliminated by solution heat treatment resulting in the same hardness of 3.9 GPa for each alloy. Following the aging treatment, the alloys show typical age-hardening curves, i.e., the hardness increases during precipitation and growth and decreases when the coarsening of the γ′ precipitate process dominates. The peak aging time is approximately 4 h for all of the alloys, but the peak hardness increases as the Nb/Ti ratio increases. The D6 alloy, which has an Nb/Ti ratio of 2, exhibits the highest hardness (4.2 GPa). The behaviour of the age-hardening process will be discussed in a Section 4.2. 
To evaluate what effects of the microstructures on the mechanical properties of the alloys, nanoindentation hardness measurement was performed. Figure 7 shows the changes in nanoindentation hardness of the D2, D4, and D6 alloys following heat treatment. The as-received specimens with varying Nb/Ti ratios show different hardnesses due to the grain size heterogeneity and coarse primary γ precipitates described in Figure 2 . The difference in hardness is eliminated by solution heat treatment resulting in the same hardness of 3.9 GPa for each alloy. Following the aging treatment, the alloys show typical age-hardening curves, i.e., the hardness increases during precipitation and growth and decreases when the coarsening of the γ precipitate process dominates. The peak aging time is approximately 4 h for all of the alloys, but the peak hardness increases as the Nb/Ti ratio increases. The D6 alloy, which has an Nb/Ti ratio of 2, exhibits the highest hardness (4.2 GPa). The behaviour of the age-hardening process will be discussed in a Section 4.2.
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Discussion
The Effect of the Nb/Ti Ratio on the Multimodal Distribution of the γ Precipitates
Nb and Ti were substituted for the ABD series alloy, and the effect of this on a microstructure of the alloys has been examined. The D2 alloy has the lowest Nb/Ti ratio, the D6 alloy has the highest, and D4 has a ratio that is in the middle of the two. All of the alloys have almost the same mean precipitate sizes and densities of relatively coarse primary and secondary γ precipitates. A previous study [19] revealed that the volume fractions of γ precipitate do not differ significantly between these alloys. They also have similar size of tertiary γ precipitate just after the solution heat treatment and cooling as described in Figure 6 . Sarosi et al. [14] have suggested that the multimodal distributions of γ precipitates form due to competition between the nucleation and growth of γ precipitates; they predict that a monomodal distribution would be obtained when the growth rate is much faster than the nucleation, and the precipitation would have a wider size distribution when the nucleation is faster. A multimodal distribution can be obtained only when the kinetics of both processes are equivalently fast. There is no significant difference in size distributions of γ precipitates regardless of Nb/Ti ratio, which suggests that the Nb/Ti ratio does not have a significant influence on the nucleation and growth kinetics during cooling from solution temperature. This is not surprising because the Nb-Ti diffusion rate in the matrix and the thermodynamic stability of the γ phase are similar.
During aging at 1123 K, the mean size of primary and secondary γ precipitates do not change. The primary γ precipitates remained quite large, with little coarsening observed. However, Figure 5 shows the morphological change of the secondary γ precipitates, which may have occurred due to directional coarsening, which has been reported by Ricks [24] and Qiu et al. [25] . This may also have been due to cyclic and reversal coarsening reported by Chen et al. [26] . It is more likely that the morphological change is due to cyclic coarsening, because the coarsening direction of the precipitates appears to be related to the orientation of the grain where they are situated. The unchanged size of the secondary γ particles can also be explained by cyclic coarsening. Figure 8 shows additional evidence of the cyclic coarsening phenomenon. During the microstructure observation, granular-shape precipitates ( Figure 8a ) were observed over almost the entire area of the specimen, but irregular-shape precipitates ( Figure 8b ) were observed in some locations within the γ grain. A few residual intragranular γ particles show an irregular shape (Figure 8c ), which may have been a result of the growth and splitting of the γ precipitates. The "humps" of the intragranular primary γ particles are similar in size to that of the secondary γ precipitates, and we estimated the maximum precipitate size under the constraint of a lattice misfit. The coarsening direction depends on the elastic interaction between particles. In other words, the morphological change is a result of the directional coarsening in conjunction with the bypassing of the elastic field generated by neighboring particles and of their own splitting [27] .
been a result of the growth and splitting of the γ′ precipitates. The "humps" of the intragranular primary γ′ particles are similar in size to that of the secondary γ′ precipitates, and we estimated the maximum precipitate size under the constraint of a lattice misfit. The coarsening direction depends on the elastic interaction between particles. In other words, the morphological change is a result of the directional coarsening in conjunction with the bypassing of the elastic field generated by neighboring particles and of their own splitting [27] . Only the tertiary γ′ precipitates are influenced by the Nb/Ti ratio, and the alloys with higher Nb/Ti ratios show faster growth rates of the tertiary γ′ precipitates. The differences between the Only the tertiary γ precipitates are influenced by the Nb/Ti ratio, and the alloys with higher Nb/Ti ratios show faster growth rates of the tertiary γ precipitates. The differences between the growth rates are not simply attributed to the diffusion rate; Nb has a similar or slightly smaller diffusion coefficient than that of Ti. The other potential reason for the difference is related to the partitioning of the Nb and Ti between the matrix and the precipitate. For instance, the Nb would be enriched near the pools of tertiary γ particles and would enhance the growth of the tertiary γ if the Nb is in the partitioned matrix around the solution temperature. A compositional study is therefore needed in order to reveal the reason why the tertiary precipitates grow faster in the D6 alloy. However, it is very difficult to analyse the composition around the tertiary γ particles because of a requirement of high spatial resolution and accuracy.
Age Hardening Behaviour of the ABD Alloys
The Nb/Ti ratio does not influence the nanoindentation hardness of the solution-treated alloys; however, it impacts the subsequent age hardening behaviour. The alloys with higher Nb/Ti ratios show higher peak aging hardness. It is known that precipitate shearing is the main deformation mechanism in alloys for turbine discs [17] , and it is expected that Nb would have a significant effect on the APB energy, lattice misfit, microstructure, volume fraction of the γ precipitates, and several other factors influencing strength. However, a previous study of X-ray synchrotron diffraction [21] shows that the lattice misfit almost never changes and that the volume fraction slightly increases as the Nb/Ti ratio increases. Because the hardness increased with volume fraction, this reported tendency contrasts with our experimental result. It is likely that the solid solution strengthening of the matrix and the increase in APB energy by Nb in the γ precipitate is negligible because the hardness of the solution-treated alloys are similar. The alloys that have different Nb/Ti ratios show similar microstructures, except for the size of tertiary γ precipitate, as mentioned in Section 4.1.
We can therefore see that the growth of tertiary γ precipitate is the most potent factor for improving age-hardening ability. Jackson and Reed [18] have shown that the tertiary γ precipitates play an important role in the mechanical property of Udimet 720Li, and Galindo-Nava et al. [20] demonstrated that small amounts of fine tertiary γ precipitates are able to significantly strengthen the CRSS in Udimet 720Li. The area fraction of the pool of tertiary γ precipitates is less than 3%; however, intragranular tertiary γ is not observed; it is possible that they were washed out by the electrolytic etching. The fact that only a small amount of tertiary γ is required to improve the hardness of the alloys encourages us to investigate the process of a multimodal distribution of γ precipitates and its dependence on the composition, such as the Nb/Ti ratio.
Conclusions
In this study, the effect of Nb/Ti ratio on the microstructure formation and hardness during a typical solution treatment and aging is investigated in high strength superalloys. We were able to precisely control the cooling rates from the solution heat treatment, which enabled us to evaluate the role of Nb and Ti in the formation of multimodal distributions of γ precipitates. Our conclusions are summarised as follows:
• Near-supersolvus solution-treated and cooled alloys show multimodal distributions of γ precipitates containing relatively coarse primary and secondary γ precipitates at the grain boundary and interior, respectively, and fine tertiary γ precipitates form a pool of them around the grain boundary or primary γ precipitates.
•
All of the alloys studied show typical age-hardening behaviour at 1123 K, but higher peak hardness is obtained in the alloys that have higher Nb/Ti ratios.
The microstructures of solution-treated alloys are similar and imply that they are independent of the Nb/Ti ratio; however, faster growth rates are observed for the tertiary γ precipitate in the alloy with higher Nb/Ti ratios. Larger tertiary γ precipitate are believed to be the reason why the higher hardness of the alloys studied.
The Nb/Ti ratio does not influence the morphologies of primary and secondary precipitates, but it does influence tertiary γ precipitates; this might be due to Nb and Ti partitioning at high temperatures.
Several pieces of the evidences are observed for cyclic coarsening or splitting in all of the alloys. The size of the secondary γ precipitates remained constant, which might be due to cyclic coarsening of the precipitates.
